Introduction
============

For centuries, plant-derived compounds have been evaluated against various clinical conditions and revealed many promising results, thus retaining an influence over numerous clinical/pharmaceutical industries.[@b1-ijn-11-3417] The foremost reasons for their success in medicinal field are their enhanced efficacy, less toxic profile, and minimal side effects compared to conventional synthetic drugs.[@b2-ijn-11-3417] Recently, secondary metabolites such as flavonoids and phenolic compounds from various medicinal plants were under the limelight due to their remarkable pharmaceutical properties against a wide range of clinical conditions with minimal side effects. Flavonoids were reported to possess strong antioxidant activity and other potential pharmacological properties including anti-inflammatory, anticancer, antidiabetic, hepatoprotective, and so on.[@b3-ijn-11-3417] Though numerous plants naturally contain a wide array of flavonoids and antioxidants, *Moringa oleifera* Lam (MO) leaves were lately claimed to possess the highest antioxidant content among various natural food sources based on oxygen radical absorbent capacity assay by the National Institute of Health.[@b4-ijn-11-3417] Our research team has categorized and reported the bioactive candidates responsible for its elevated antioxidant activity as quercetin (Q), kaempferol (K), and apigenin (A) using high-performance liquid chromatography (HPLC)--diode array detector--electrospray ionization--tandem mass spectrometry (MS/MS).[@b4-ijn-11-3417] Q is the most common bioactive phytoflavonoid and is frequently found in berries, nuts, barks, flowers, tea, vegetables, and leaves.[@b5-ijn-11-3417],[@b6-ijn-11-3417] Being a robust antioxidant, it acts against an extensive range of clinical conditions such as diabetes, cancer, inflammation, ulcer, and microbial activities.[@b7-ijn-11-3417] Subsequently, the molecular mechanism of action of this flavonoid against these clinical conditions has been highly scrutinized and extensively characterized. Q curbs type 2 diabetes mellitus by inducing glucose metabolism via activation of adenosine monophosphate-activated protein kinase in both liver and skeletal muscle.[@b8-ijn-11-3417] It also targets the highly proclaimed proinflammatory signaling pathways, that is, signal transducer and activator of transcription-1, nuclear factor kappa of activated B-cells (NF-κB), and mitogen-activated protein kinases, and thereby inhibits the reactive oxygen species/reactive nitrogen species-mediated inflammatory response.[@b9-ijn-11-3417] Q induces apoptosis in prostate cancer cells by downregulating Hsp90 protein expression (heat shock protein 90) and irreversible cell growth inhibition by arresting the cell cycle in phase S for squamata cells. It also induces cell cycle arrest for HepG2 and breast cancer cell by stimulating p21 and p53 protein expression. Thus, Q plays the anticancer role by either arresting the cell cycle or inducing apoptosis to the cancer cells.[@b10-ijn-11-3417] K is also a well-known polyphenol antioxidant found in fruits and vegetables. It is well documented for its antidiabetic, antiosteoporotic, cardioprotective, and neuroprotective activities and more extensively toward anti-inflammatory and anticancer potential.[@b11-ijn-11-3417] Numerous preclinical studies have established the molecular mechanism of action of K as a potential anti-inflammatory agent. It restricts the tumor necrosis factor alpha-mediated NF-κB activation, p38, c-Jun N-terminal kinases (JNK), and protein kinase B (AKT) phosphorylation via suppression of advanced glycation end products-induced nicotinamide adenine dinucleotide phosphate oxidase in both in vitro and in vivo studies.[@b12-ijn-11-3417],[@b13-ijn-11-3417] Furthermore, K also acts as a potential anticancer agent by modulation of mitogen-activated protein kinases/extracellular signal-regulated kinases (ERK) and phosphoinositide 3-kinase/AKT pathways that represent major signaling routes implicated in cancer development. K plays a highly discriminative role over normal and malignant cells, whereby it induces apoptosis in cancer cells only, while leaving healthy cells unaffected.[@b13-ijn-11-3417]--[@b15-ijn-11-3417] A is a notable flavone, highly present in several dietary plants such as parsley, celery, onions, lemon balm, and oranges.[@b16-ijn-11-3417] Comprehensive study reports revealed its potential antioxidant, anti-inflammatory, and anticarcinogenic properties, apparently through its interactions with the signaling molecules in the three major biopathways, that is, ERK, JNK, and p38 in both in vitro and in vivo models.[@b16-ijn-11-3417]--[@b18-ijn-11-3417] Recently, our research team reported the presence of these three flavonoids (Q, K, A) from the crude extract of MO leaves. Apparently, they are responsible for its antioxidant[@b4-ijn-11-3417] and hepatoprotective activity against APAP challenged mice model via suppression of cytochromes P450 isoenzymes, regulation of nuclear factor erythroid 2-related factor 2/antioxidant response element system-mediated elevation of antioxidant enzymes, and modulation of inflammatory cytokines.[@b19-ijn-11-3417] Despite their extensive pharmacological properties, these flavonoids show poor water solubility, inadequate permeability, and limited bioavailability due to rapid first past metabolism before entering the systemic circulation, thereby limiting their extensive potential in clinical applications.[@b20-ijn-11-3417],[@b21-ijn-11-3417] In this study, we obtained four solvent fractions using n-hexane, chloroform, ethyl acetate (EA), and n-butanol from the crude MO leaves extract via solvent fractionation technique followed by bioassay-guided compound identification and quantification of the attributed flavonoids. In addition, to enhance bioavailability, to ensure sustained release, and to retain their synergistic outcome, these Q--K--A flavonoids have been successfully loaded in a single phytosomal (can be termed as "flavanosome") entity. Furthermore, their physicochemical characterization, in vitro antioxidant kinetics, and cytotoxic nature toward human hepatoma cell line (HepaRG) have been evaluated.

Materials and methods
=====================

Chemicals
---------

Soybean-derived L-alpha-phosphatidylcholine (PC -- purity grade ≥97%), A (purity ≥97%), Q (purity ≥95%), K (purity ≥90%), 1,1-diphenyl-2-picrylhydrazyl (DPPH), n-(1-naphthyl)ethylenediamine dihydrochloride, ammonium molybdate tetrahydrate, insulin from bovine pancreas, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich Co. (St Louis, MO, USA). Sodium nitroprusside was purchased from Fluka Chemie AG (Buchs, St Gallen, Switzerland) and sulfanilamide from Friendemann Schmidt (CT Parkwood, Western Australia, Australia). William's E medium (without phenol red and glutamine) and Glutamax I were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine serum, penicillin−streptomycin, and trypsin were obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Ascorbic acid (AA), hydrocortisone hemisuccinate, and Triton X-100 were obtained from Kollin Chemicals (Malaysia), Santa Cruz Biotechnology Inc. (Dallas, TX, USA), and Alfa Aesar (Heysham, Lancashire, UK), respectively. Dichloromethane (DCM), tetrahydrofuran, dimethylsulfoxide (DMSO), hexane, chloroform, EA, and n-butanol were obtained from EMSURE^®^ (Darmstadt, Germany). All chemical reagents were of analytical grade unless otherwise stated; extraction solvents were of HPLC/LC--MS grade, purchased from EMD Millipore (Billerica, MA, USA).

Plant leaves collection
-----------------------

Fresh and mature MO leaves were harvested from Garden-2, Universiti Putra Malaysia, and have been confirmed with the voucher specimen (SK 1561/08), which has been deposited at IBS Herbarium unit. The collected plant leaves were washed in running tap water, air-dried at room temperature (24°C) for a day, and oven dried for 2 consecutive days at 45°C. The dried leaf materials were grounded using a motorized blender and stored in an airtight container for further process.[@b19-ijn-11-3417]

Leaves extract and fractionation design
---------------------------------------

The powdered MO leaves were macerated profoundly with 90% ethanol in aspirator bottle for 3 consecutive days at room temperature with continuous shaking. The residual extracts were filtered through Whatman filter paper (No 2), and the filtrate was concentrated with a rotary vacuum evaporator at 40°C to obtain dark green slurry residue, which were further freeze-dried, weighed, and stored in capped container with appropriate labeling at −20°C. The freeze-dried extract was dissolved in 300 mL of water, and 300 mL of hexane was added in a separating funnel. The mixture was then partitioned into hexane and aqueous layer. After separation of the hexane layer, 300 mL of chloroform was added to the aqueous layer and partitioned, and the chloroform layer was separated. Using the same procedure, EA and n-butanol fractions were separated. The obtained fractions were concentrated with a rotary vacuum evaporator at 40°C, further freeze-dried, weighed, and stored in capped container with appropriate labeling at −20°C.[@b19-ijn-11-3417],[@b22-ijn-11-3417]

Bioassay-guided compound identification and quantification
----------------------------------------------------------

The DPPH radical scavenging activity, nitric oxide (NO) radical scavenging activity, phosphomolybdenum (PMO) total antioxidant capacity of antioxidant assays were determined according to the method adapted by Karthivashan et al.[@b4-ijn-11-3417]

### DPPH radical scavenging activity

DPPH radical scavenging activity of four MO solvent fractions was determined. Briefly, 150 µL of freeze-dried fraction was added to 50 µL of DPPH solution (0.1 mM in methanol) and kept for 30 minutes at room temperature, and their absorbance was measured at 540 nm. The blank solution consists of 150 µL of methanol and 50 µL of DPPH (control). AA was used as the standard. Results were expressed as a percentage DPPH radical scavenging activity of the fraction and were calculated according to the following equation: $$\%\ \text{DPPH~radical~scavenging~activity} = \frac{\text{Control~OD} - \text{Fraction~OD}}{\text{Control~OD}} \times 100$$

The 50% inhibitory concentration (IC~50~) values of the extract and standard were determined by plotting radical scavenging activity (%) versus various concentrations of standard/fraction, and all analysis were performed in triplicates and their average is reported.

### NO radical scavenging activity

NO radical scavenging activity of the four solvent MO fractions was determined. In brief, the reaction mixture (6 mL) containing sodium nitroprusside (10 mM, 4 mL), phosphate-buffered saline (pH 7.4, 1 mL), and fraction in methanol at various concentrations or standard was incubated at 25°C for 150 minutes. After incubation, 0.5 mL of the reaction mixture containing nitrite ion was removed, 1 mL of sulfanilic acid reagent was added, mixed well, and allowed to stand for 5 minutes for completion of diazotization. Then, 1 mL of n-(1-naphthyl)ethylenediamine dihydrochloride was added, mixed, and allowed to stand for 30 minutes in diffused light. The blank solution was performed by replacing fraction with methanol. The absorbance of these solutions was measured at 540 nm.

### PMO total antioxidant capacity

The total antioxidant capacity of various solvent fractions was determined using PMO assay. In brief, to a known aliquot of the fraction dissolved in methanol (0.4 mL) taken in a vial, 4 mL of the reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate) was added and hatched in a water bath at 95°C for 90 minutes. After cooling the mixture to room temperature, absorbance was measured at 630 nm. The blank solution contained 4 mL of reagent solution and 0.4 mL of methanol; the control solution consisted of 4 mL of reagent and 0.4 mL of various concentrations of AA (50--300 µg/mL). The control and blank solution underwent the same procedure as of sample solution. A calibration curve was prepared using standard solution of AA, and the antioxidant activity was expressed as micrograms of AA equivalent antioxidant capacity per gram of extract.

### HPLC -- flavonoids determination and quantification

Stock solutions: Individual stock solutions of three standard flavonoids and best fraction of MO were prepared by dissolving 0.5 g of Q, K, A, and MO fraction with 1 mL of methanol. The standard solution for HPLC analysis was prepared by diluting corresponding stock solution. The three standard flavonoids were prepared in various concentrations (100 µg/mL, 75 µg/mL, 50 µg/mL, 25 µg/mL, and 10 µg/mL) by diluting the standard flavonoid stock solution. All reagents and solutions were stored at 4°C prior to use.

Instrumental conditions: Determination of flavonoid aglycones, MO fraction, and various concentrations of diluted standard flavonoid solutions were achieved by an Agilent 1100 HPLC series equipped with binary pump, array detector (diode array detector) (200--600 nm range; 5 nm bandwidth), and auto sampler. The chromatographic separation of flavonoids was achieved through the prepacked LUNA C18 (4×250 mm, 5 µm, Phenomenex) column with gradient elution using a binary mobile phase (phase A: distilled water and phase B: 70:30 \[v/v\] methanol:distilled water). The gradient elution program was as follows: 0--5 minutes, 100:0 (A:B); 5--10 minutes, 70:30; 10--15 minutes, 50:50; 15--20 minutes, 30:70; and 20--30 minutes, 0:100. Injection volume is set to 20 µL at a flow rate of 1.0 mL/min, and the column temperature was set at 30°C. The appropriate wavelength was selected after scanning. Before injection of the next samples, the column was equilibrated with mobile phase B for 10 minutes.

Analytical validation: The method was validated for linearity and precision. Based on the optimum HPLC conditions with an injection volume of 20 µL, the peak areas of three standard flavonoids (Q, K, A) at each concentration level were obtained. Linear regression equations were obtained by establishing calibration graph with the peak area (*y*-axis) versus the flavonoid concentration (*x*-axis). To examine the precision and accuracy, a standard solution inclusive of three flavonoids was injected into the HPLC system, and the procedure was repeated four times. The identification of flavonoid aglycones in the elite MO fraction was carried out by comparing the retention time with standard flavonoids. The amount of flavonoid aglycones in the elite MO fraction was quantified based on the regression equation.

Flavonosomes -- formulation design and methodology
--------------------------------------------------

The phytosomes incorporated with individual flavonoids were synthesized using a conventional method adapted by Hou et al[@b25-ijn-11-3417] with slight modification. The concentration of flavonoids loaded in phytosome/flavonosome was adjusted approximately equivalent to the content as in EA fraction. The general schema of the synthesis is shown in [Figure 1A](#f1-ijn-11-3417){ref-type="fig"}. In general, flavonoids and soy-derived PC were dissolved in DCM, 1:2 as milligram ratio in a 50 mL round bottomed flask and sonicated at 40°C for 30 minutes. The mixture was refluxed for 2 hours at 40°C using a Buchi-RII rotary evaporator (BUCHI Labortechnik AG, Flawil, Switzerland) equipped with a vacuum pump to obtain a thin film mesh formation of flavonoids and PC complex. The thin film was then dissolved using 10 mL of DCM and added dropwise into 40 mL of distilled water under moderate magnetic stirring at room temperature overnight. Consequently, the DCM phase steadily gets evaporated with stirring overnight, resulting in the formation of flavonoid-loaded phytosomes. The same method was adapted to synthesize individual Q-phytosome, K-phytosome, and A-phytosome as represented in [Figure 1B1--B3](#f1-ijn-11-3417){ref-type="fig"}. To load multiple flavonoids in a single phytosome (termed as "flavonosomes"), we adapted four various formulation methods based on the principles of previous reports[@b23-ijn-11-3417],[@b24-ijn-11-3417] such as bulk co-sonication (M1), serialized co-sonication (M2), bulk co-loading (M3), and sequential co-loading (M4) as illustrated in [Figure 2](#f2-ijn-11-3417){ref-type="fig"}. In terms of co-sonication, the synthesized individual phytosomes were utilized. During bulk co-sonication (M1), the three individual phytosomes were mixed together and sonicated for 2 hours to obtain the resulting M1 flavonosomes ([Figure 2A1](#f2-ijn-11-3417){ref-type="fig"}), whereas in serialized co-sonication, stepwise addition of phytosome is involved such as sonication of Q- and K-phytosomes initially for 2 hours followed by addition and sonication of A-phytosome to the Q--K mixture for another 2 hours to obtain the resulting M2 flavonosomes ([Figure 2A2](#f2-ijn-11-3417){ref-type="fig"}). In terms of bulk co-loading, the three individual flavonoids and PC have been combined together prior to generating thin film layer in milligram ratio at 0.5:2:0.5:6 (Q:K:A:PC), and the same conventional protocol for phytosome has been adapted to obtain the resulting M3 flavonosomes ([Figure 2B1](#f2-ijn-11-3417){ref-type="fig"}), whereas in sequential co-loading, stepwise addition of flavonoids prior to generating thin film layer is involved such as initial addition of Q and K with PC as the milligram ratio at 0.5:2:6 (Q:K:PC) followed by addition of A at 0.5:2:0.5:6 (Q:K:A:PC), to achieve the thin film formulation, and then the conventional protocol for phytosome was used to obtain the resulting M4 flavonosomes ([Figure 2B2](#f2-ijn-11-3417){ref-type="fig"}).

Characterization and comparative evaluation of formulated flavonosomes
----------------------------------------------------------------------

### Morphology

The morphology of the empty carrier (PC), individual flavonoids (Q, K, A), individual phytosomes, and flavonosomes was observed by transmission electron microscopy (TEM) using a Hitachi H-7100 microscope by placing a drop of the diluted dispersion on a copper grid. A thin film of the sample dispersion was obtained by removing excess solution using a filter paper. Negative staining was achieved by adding 2% uranyl acetate for 2 minutes and rinsing off the extra staining solution on the grid using filter paper, further air-dried, and transferred to the TEM for imaging.

### Particle size and zeta potential determination

Size distribution and zeta potential of M1, M2, M3, and M4 flavonosomes were measured by a dynamic light scattering method using Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at a scattering angle of 90°C at 25°C. Prior to size and zeta potential measurements, the flavonosomes were diluted with phosphate-buffered saline, and each sample was measured three times.

### Fourier transform infrared spectroscopy

The infrared (IR) spectra for the carrier (PC), QKA alone, physical mixture (QKA + PC), and optimal flavonosome (QKA--PC) were recorded on a Thermo Nicolet Nexus Smart Orbit FTIR (Vernon Hills, IL, USA) over the range of 4,000--500 cm^−1^.

### Simultaneous thermal analysis (TGA/DSC)

Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses were carried out in a simultaneous TGA--DSC SDT Q600 (TA Instruments, New Castle, DE, USA). The samples were loaded in standard aluminum pans, and their corresponding thermograms were obtained at a heating rate of 10°C/min with starting and ending temperatures of 25°C and 600°C, respectively.

### Entrapment efficiency and drug-loading capacity of optimal formulation

Entrapment efficiency (EE) of the optimal formulation was determined using vivaspin^®^ centrifuge filters (Sartorius AG, Goettingen, Germany) as described previously[@b26-ijn-11-3417] with slight modification. Briefly, 1 mL of the flavonosome was loaded on the top compartment of the vivaspin centrifuge filter membrane (MWCO -- 10 kDa) and centrifuged at 3,500 rpm for 15 minutes. The eluent was collected at the lower compartment of vivaspin filter and further analyzed through HPLC to determine the amount of unentrapped flavonoids. Subsequently, equivalent solvent comprising the mixture of Q:K:A:PC was prepared at a ratio similar to that of the same concentration used during the flavonosome formulation and undergone the above-mentioned vivaspin protocol to determine the total drug. Thus, the % of EE was determined using the following formula:[@b26-ijn-11-3417] $$\text{EE}\% = \frac{\text{Total~drug} - \text{Unentrapped~flavonoids}}{\text{Total~drug}} \times 100$$

To determine the drug loading (DL) capacity, 1 mL of the flavonosome was centrifuged at 14,000× *g* for 1 hour, and the pellet was dissolved in tetrahydrofuran, further air-dried, diluted in acetonitrile, and was subjected to HPLC for the determination of the amount of flavonoids (Q, K, A) loaded in the flavonosomes (LD). Simultaneously, total mass of the carrier (PC) lipid matrix was obtained. Thus the % of DL was determined using the following formula:[@b25-ijn-11-3417],[@b27-ijn-11-3417] $$\text{DL}\% = \frac{\text{Amount~of~loaded~flavonoids}}{\text{Total~mass~of~the~matrix}} \times 100$$

In vitro antioxidant DPPH kinetics
----------------------------------

In vitro DPPH radical scavenging kinetics of the formulated flavonosomes through various methods were screened in comparison to the carrier (PC), freely mixed flavonoids (QKA), and physical mixture (QKA + PC), according to the protocol adapted from previous reports[@b28-ijn-11-3417],[@b29-ijn-11-3417] with slight modifications. Briefly, 150 µL of formulated flavonosomes or PC or QKA or QKA + PC was mixed with 50 µL of 0.1 mM DPPH solution (methanol with 0.3% Triton X-100 v/v).[@b30-ijn-11-3417] The flavonoids/PC content in carrier, free flavonoids mix, and physical mixture were adjusted to the same concentration as the formulated flavonosomes. Then the solution was incubated at 37°C in the dark for regulated time points at 10 minutes, 30 minutes, 60 minutes, 90 minutes, 150 minutes, 180 minutes, and 240 minutes (individual experimental set for each time point). Distilled water/DMSO mixed with DPPH solution served as a control. DPPH with methanol served as a blank. The absorbance of the samples after incubation was measured at 540 nm. Results were expressed as a percentage DPPH radical scavenging activity of the fraction and were calculated according to the following equation: $$\%\ \text{DPPH~radical~scavenging~activity} = \frac{\text{Control~OD} - \text{Sample~OD}}{\text{Control~OD}} \times 100$$

The time taken by the samples to achieve 50% of the scavenging activity was determined by plotting radical scavenging activity (%) versus various time points, and all analysis were performed in triplicates and the average activity is reported.

Cell culture and cytotoxicity assay
-----------------------------------

Human hepatoma (HepaRG) liver cells were purchased from Thermo Fisher Scientific, and the cells were cultured, maintained, and the differentiated cells were obtained as described in the previous studies.[@b31-ijn-11-3417],[@b32-ijn-11-3417],[@b33-ijn-11-3417] In brief, the HepaRG cell line was cultured in Williams' E medium without phenol red and glutamine, supplemented with Glutamax I (Thermo Fisher Scientific), 10% fetal bovine serum, 100 IU/mL penicillin, and 100 µg/mL streptomycin (Nacalai Tesque, Inc), 5 µg/mL insulin (Sigma-Aldrich Co.), and 50 µM hydrocortisone hemisuccinate (Santa Cruz Biotechnology Inc.). After 2 weeks, the cells were incubated in 2% DMSO-supplemented medium (differentiation medium). The medium was renewed every 2--3 days. The obtained differentiated HepaRG cells were seeded at a density of 1×10^5^ cells/well in 96-well plates and employed for the cytotoxicity assay (MTT) as mentioned in a previous study[@b34-ijn-11-3417] with slight modifications. Briefly, cells were incubated with the formulated flavonosomes at various concentrations ranging from 3.125 µg/mL to 200 µg/mL dissolved in culture medium and incubated for 24 hours. At the end of the incubation time, cultures treated with higher concentrations of flavonosomes were quickly captured by phase-contrast microscopy using an Olympus 1×70, followed by addition of 20 µL of MTT (2.5 mg/mL) dissolved in phosphate-buffered saline solution to each well, and then the plate was further incubated for 3 hours. The solution in each well was discarded by suction and replaced by 100 µL of DMSO and vigorously mixed to dissolve the reacted dye. After 15 minutes of incubation, the absorbance of each well was read at 575 nm using ELISA plate reader. All assays were done in triplicate independently. The cytotoxicity results were expressed as the percentage of cell viability with respect to control cells.

Statistical analysis
--------------------

The results are expressed as mean ± standard error of the mean. Statistical analysis was performed by using an independent Student's *t*-test and analysis of variance with the Tukey's post hoc test as appropriate. A *P*-value \<0.05 considered as statistically significant.

Results and discussion
======================

The 90% hydroethanolic MO leaves crude extract was subjected to fractionation using organic solvents in an increasing order of polarity such as n-hexane (Hex), chloroform (Chlor), EA, and n-butanol (But) using separating funnel ([Figure 3A](#f3-ijn-11-3417){ref-type="fig"}). The existence of chemical complexity and myriad compounds of different fractions could lead to diversified results based on the test employed.[@b35-ijn-11-3417] Thus, the obtained fractions were screened through various in vitro antioxidant assays: DPPH, NO radical scavenging assay, and PMO total antioxidant capacity assay, and all the results were compared with a standard antioxidant, AA. The results of the free radical scavenging potential of different fractions tested by DPPH and NO assay were calculated as the percentage inhibition and were presented in [Figure 4A and B](#f4-ijn-11-3417){ref-type="fig"}, respectively. The results indicated that EA fraction significantly exhibited the highest free radical scavenging activity, with the IC~50~ values of 14.15±1.00 and 15.42±0.15 for DPPH and NO, respectively. This proximates the activity of AA, which exhibited IC~50~ values of 10.98±0.67 and 12.02±0.51 for DPPH and NO, respectively. The second best was found to be the butanol (But) fraction, with the IC~50~ values of 28.02±0.49 and 28.15±0.30 for DPPH and NO, respectively. However, relatively the Hex and Chlor fractions exerted lower scavenging activity. For the PMO total antioxidant capacity assay, we determined and compared the capacity of various fractions in reducing phosphomolybdate acid to phosphomolybdate blue (Mo+6 → Mo+5). This was expressed quantitatively in terms of AA equivalent µg/g of extract in [Figure 4C](#f4-ijn-11-3417){ref-type="fig"}. The results were in accordance with the DPPH and NO assay results. EA fraction significantly exhibited higher total antioxidant capacity compared to the other fractions with the value of 73.19±0.85 AA equivalent µg/g of extract, followed by But, Chlor, and Hex fractions with the values of 67.71±1.37, 62.92±1.30, and 44.72±0.32 AA equivalent µg/g of extract, respectively. Overall, EA fraction showed higher radical scavenging activity and antioxidant capacity likely due to its high phenolic and flavonoid content as reported in previous studies.[@b36-ijn-11-3417]--[@b38-ijn-11-3417] To further confirm, all these fractions were screened through HPLC analysis. Standard flavonoids were employed to identify and quantify the existence of flavonoids in EA fraction. The HPLC fingerprints of various fractions exhibited similar profile peaks as shown in [Figure 3B](#f3-ijn-11-3417){ref-type="fig"}. Despite, a few peaks were highly expressed during 10--25 minutes retention time of the EA fraction ([Figure 3B3](#f3-ijn-11-3417){ref-type="fig"}) compared to the other fractions. Based on our previous findings,[@b4-ijn-11-3417] those peaks were presumed as phenolic compounds and were further confirmed as flavonoids such as Q, K, and A by comparing the HPLC fingerprints of EA fraction with flavonoid standards and their corresponding retention time as shown in [Figure 5A--D](#f5-ijn-11-3417){ref-type="fig"}. Additionally, the peak areas of the three standard flavonoids (Q, K, A) at each concentration level and associated relative linear regression equations were obtained by establishing calibration graph with the peak area (*y*-axis) versus the flavonoid concentration (*x*-axis) as shown in [Figure 5E1--E3](#f5-ijn-11-3417){ref-type="fig"}. The respective flavonoids have been quantified in EA fraction as described previously.[@b39-ijn-11-3417] Following quantification of the HPLC results, the EA fraction of MO leaves was found to acquire higher concentration of K followed by the level of A and Q with the values of 263.86 µg/mg, 82.64 µg/mg, and 66.89 µg/mg in the fraction, respectively ([Figure 5E4](#f5-ijn-11-3417){ref-type="fig"}). Despite the activity observed with the bioassays that we have conducted, the therapeutic outcome of these flavonoids/its enriched active fractions in the in vivo system is still limited due to its physicochemical nature of poor water solubility, deprived intestinal absorbance, and limited bioavailability.[@b40-ijn-11-3417],[@b41-ijn-11-3417] To overcome this obstacle, numerous attempts of delivery systems for individual flavonoids have been established such as phytosome/liposome.[@b42-ijn-11-3417] However, previous reports indicated that isolation and purification of the bioactive constituents result in lessening of pharmacological activities that were previously observed.[@b43-ijn-11-3417],[@b44-ijn-11-3417] Thus in this study, we improved the bioavailability, refined its sustained release capability, and preserved their observed pharmacological activities, by loading these three bioactive flavonoids (Q, K, A) into a single entity termed as flavonosomes. The concentration of the loaded flavonoids was adjusted to be equivalent of those contained in MO-EA fraction.

Primarily, we adapted four various methods to formulate the flavonosomes and optimized the most appropriate method based on its physicochemical characteristics and antioxidant kinetics. Photomicrographs of the preliminarily synthesized individual flavonoid phytosomes were depicted in [Figure 6](#f6-ijn-11-3417){ref-type="fig"}. The impact of refluxed PC with their corresponding flavonoids was stacked in [Figure 6](#f6-ijn-11-3417){ref-type="fig"} (1), which shows the thin film mesh formation of flavonoids and PC complex. The TEM images of free flavonoids, empty (PC) carriers, and corresponding individual Q, K, and A phytosomes were exhibited in [Figure 6](#f6-ijn-11-3417){ref-type="fig"} (2--4), respectively. The sizes of the synthesized phytosomes were determined to be in the range of 200--400 nm with well-formed, discrete vesicles.

The photographic images of freshly synthesized individual phytosomes were displayed in [Figure 6](#f6-ijn-11-3417){ref-type="fig"} (5) in which Q-phytosome showed a clear suspension with yellowish opalescence, whereas K- and A-phytosomes showed mild yellowish opalescence. The texture of the obtained thin film of flavonoids--PC complex and nature of the synthesized individual phytosomes are in accordance with the previous study reports.[@b25-ijn-11-3417],[@b45-ijn-11-3417] The particle size of a nanodelivery system is strongly associated with its dispersity index and also plays a major role in determining the outcome of the system in drug delivery. In addition, the monodisperse distribution enhances the stability of the vesicles, whereas the zeta potential denotes the surface charge of the suspension, through which the function of the flavonosomes was determined in vivo. The TEM images of formulated flavonosomes M1, M2, M3, and M4 were represented in [Figure 7A1--A4](#f7-ijn-11-3417){ref-type="fig"}, respectively. All the formulated flavonosomes are spherical in shape and comparable with synthesized individual phytosomes. However, the flavonosomes formulated as M1, M2, and M3 presented with larger size of 3,286.58 nm, 1,074.23 nm, and 862.45 nm, respectively, compared to M4, which revealed 361.52 nm. Images showing size, polydispersity index, and zeta potential distribution of the formulated flavonosomes were depicted in [Figure 7B1--B5](#f7-ijn-11-3417){ref-type="fig"}. The average particle size of the formulated flavonosomes was tabulated in [Figure 7B5](#f7-ijn-11-3417){ref-type="fig"}, where M1, M2, and M3 revealed large size of 3,355.33±76.43 nm, 1,036.07±43.12 nm, and 791.50±22.38 nm, respectively, with a wide range of polydispersity index ranging from 0.489 to 0.847. This is probably due to adaptation of conventional bulk loading method and the sonication involved during formulation. Though sonication aids in arranging the lipid molecule into lipid bilayer vesicles,[@b46-ijn-11-3417] the fusion of two or more phytosomes through sonication or bulk loading of compounds (M1, M2, and M3) leads to aggregation of vesicles that results in heterogeneous formulation with the coexistence of small and large unilamellar vesicles.[@b47-ijn-11-3417],[@b48-ijn-11-3417] In contrast, M4 flavonosomes yielded an average particle size of 375.93±33.61 nm with a narrow monodisperse index of 0.286±0.02, most likely due to sequential addition of flavonoids during thin-film hydration followed by direct nanoprecipitation without bulk loading or sonication.

The zeta potential value observed for the M4 flavonosome was significantly lower than −30 mV compared to the flavonosomes synthesized by other methods. Indicatively, it exceeds the typical threshold level for attraction and flocculation for repulsion.[@b49-ijn-11-3417] The high negative zeta potential of formulated flavonosomes can be explained by the presence of PC (as major component of the flavonosome); it retains the dynamic stability of the flavonosomes in aqueous state. Overall, M4 flavonosomes revealed small particle size, narrow monodisperse size distribution (low polydispersity index value), and high zeta potential, which indicates the excellent stability among the formulated flavonosomes. Therefore, M4 flavonosome was selected as the optimized formulation for further physicochemical characterization.

The EE and DL capacity of the flavonoids (Q, K, A) loaded in M4 flavonosome have been individually validated, and their corresponding results were depicted in [Figure 7C and D](#f7-ijn-11-3417){ref-type="fig"}, respectively. It has been reported previously that the EE/DL of the formulations depends on the solubility of the drug and its bonding interaction toward carrier in matrix formation.[@b50-ijn-11-3417] In accordance, the interaction among the three flavonoids and PC revealed \>98% of EE for all the three flavonoids, while the DL efficiency of Q, K, and A was 31.63%±0.17%, 34.51%±2.07%, and 31.70%±0.01%, respectively. Therefore, our data supported the results from previous studies, where Q, K, and A flavonoids demonstrated higher affinity toward PC and established an intermolecular bonding to retain its specificity and stability.[@b51-ijn-11-3417],[@b52-ijn-11-3417]

To investigate further the complex formation between the PC and flavonoids, Fourier transform IR spectroscopy was performed. [Figure 7E](#f7-ijn-11-3417){ref-type="fig"} shows IR spectra of PC alone (PC), flavonoids alone (QKA), physical mixture of flavonoids with carrier (QKA + PC), and M4 flavonosome (M4). The characteristic peaks of PC--hydrophobic tail region was observed ([Figure 7E1](#f7-ijn-11-3417){ref-type="fig"}) at 2,856 cm^−1^, 2,922 cm^−1^, and 1,459 cm^−1^, showing symmetric, antisymmetric C--H stretching band of long fatty acid chain, and CH~2~ scissoring, respectively. The relatively strong band centered at 1,735 cm^−1^ corresponds to the stretching vibrations of ester carbonyl groups. The polar head group vibrations are characterized by the spectral bands at 1,226 cm^−1^ and 1,059 cm^−1^, representing the aliphatic phosphate P=O stretching vibrations with a partially overlapped band at 1,059 cm^−1^ of the C--O--P--O--C stretching modes. The IR spectra of assorted QKA flavonoids exhibited cumulative characteristic peaks of phenolic flavonoids ([Figure 7E2](#f7-ijn-11-3417){ref-type="fig"}). A relatively strong band at 3,289 cm^−1^ indicates the O--H stretching that corresponds to the hydroxyl group of the flavonoids. The band stretching at 1,653 cm^−1^, 1,353 cm^−1^, and 1,502 cm^−1^ represents C-458=O stretching, C--O stretching, and benzene ring vibration, respectively. The spectrum of physical mixture ([Figure 7E3](#f7-ijn-11-3417){ref-type="fig"}) is significantly different compared to the PC and QKA alone, besides the physical mixture revealed an additive effect of PC and QKA. The incorporation of multiflavonoids (QKA) revealed significant changes in the IR spectra, indicating the localization of flavonoids and nature of bonding with the lipid membrane ([Figure 7E3](#f7-ijn-11-3417){ref-type="fig"}). The IR spectra of QKA flavonosome was shown in [Figure 7E4](#f7-ijn-11-3417){ref-type="fig"}. The overall broadening and masking of entire C--H stretching band of PC were observed. This is likely due to the penetration of water into the hydrophobic core of the membrane associated with formation of weak hydrogen bond between C--H groups of alkyl chain and water molecules. The spectral shift of the characteristic band 1,353 cm^−1^, representing the C--O stretching in the flavonoids, denotes the involvement of polar group of the flavonoids (hydroxyl group) in water binding in the membrane environment. The spectral shift of band representing C=O stretching and broadening of P=O stretching vibrations relatively confirmed the binding of flavonoids to the polar head of the membrane through the oxygen groups of lipid and keto groups of flavonoids. Our results strongly support the previously reported study results,[@b53-ijn-11-3417]--[@b55-ijn-11-3417] where majority of the flavonoids bind to the polar heads (C--O--P--O--C stretching) of the PC via hydrogen bonding, thus indicating the localization of flavonoids. Thermal analysis behavior of PC alone (PC), flavonoids alone (QKA), physical mixture of flavonoids with carrier (QKA + PC), and M4 flavonosome (M4) was obtained by DSC and TGA ([Figure 7F](#f7-ijn-11-3417){ref-type="fig"}). The DSC curve of PC exhibited three endothermic peaks. The first peak at 136°C was generated due to the hot movements of the polar PC head. Whereas the second and third endothermal peaks possibly represent phase transitions from a gel like to a liquid crystal state and the melting of PC carbon chain, isomeric or crystal changes. Accordingly, TGA curve produced the first thermal event at the temperature range of 70°C--110°C, associated with a first-order transition in the form of evaporation followed by some water loss. A second and more prominent thermal event was observed between 200°C and 350°C, associated with a mass loss of \~64%. It evidently indicates thermal decomposition of long molecular chains ([Figure 7F1](#f7-ijn-11-3417){ref-type="fig"}).[@b56-ijn-11-3417],[@b57-ijn-11-3417] On the contrary, the DSC curve of flavonoids exhibited two endothermic peaks, the first peak at 90°C attributed to the evaporation of water that has been adsorbed by the surface and pores of the powdered flavonoids, whereas the second endothermic peak at 350°C represents the degradation of the flavonoids. Accordingly, the TGA curve revealed first thermal event at the temperature range of 80°C--110°C, associated with a first-order transition due to evaporation of adsorbed water molecules. The second noticeable thermal event was reported at the temperature range of 225°C--350°C, associated with a mass loss of \~78%, indicatively represent the thermal degradation of flavonoids ([Figure 7F2](#f7-ijn-11-3417){ref-type="fig"}).[@b56-ijn-11-3417],[@b57-ijn-11-3417] The DSC--TGA curves of the physical mixture showed an additive effect of PC and QKA. The shift of first and second endothermic peaks of PC and broadening of peak due to degradation of QKA flavonoids were seen clearly in [Figure 7F3](#f7-ijn-11-3417){ref-type="fig"}.[@b56-ijn-11-3417] However, the characteristic first and second endothermic peaks of PC and QKA in the DSC--TGA curves of the formulated optimal flavonosome (M4) were absent. They were rather replaced by a single broad unique peak. The disappearance of signature peaks of PC and QKA suggests that their original structure has been reformed and depicts the formation of the flavonosome complex due to secondary interactions. It can be concluded that flavonoids (QKA) may interact with PC supposedly through some weak intermolecular interactions, van der Waals forces, or hydrogen bonding, singly or in combination, based on previous study reports.[@b58-ijn-11-3417]

Kinetic studies of DPPH radical scavenging activity of various formulated flavonosomes have been compared with the activities of PC alone, flavonoids alone (QKA), and physical mixture of flavonoids with carrier (Q--A + PC), corresponding to various time points. Free DPPH radical at a concentration of 0.1 mM dissolved in methanolic solution with 0.3% Triton X-100 v/v was stable for up to 16 hours in the reaction medium.[@b30-ijn-11-3417] Thus, it allows the compounds to be evaluated in that time range. In this study, we have evaluated the scavenging activity for up to 4 hours at various time points by using individual experimental set for each time point. The results of the DPPH antioxidant kinetics were shown in [Figure 8A](#f8-ijn-11-3417){ref-type="fig"}. Based on time taken by the samples to achieve a steady state, the reaction kinetics can be classified as rapid, intermediate, slow, and very slow kinetics.[@b59-ijn-11-3417] The results indicated that QKA alone, QKA + PC, and M1 and M2 flavonosomes exhibit rapid kinetic behavior by achieving almost 80% of scavenging activity within 30 minutes. This can be explained as the flavonoids alone or mixture of flavonoids with PC are readily available to scavenge free radical; however, the formulations M1 and M2 exhibit a typical burst release of flavonoids supposedly due to the method of their formulation (large size and poor stability), whereas PC alone exhibit relatively lower and slow kinetics activity possibly due to minimal antioxidant potential of PC compared to the flavonoids. On the contrary, M3 and M4 flavonosomes exhibit intermediate kinetics by achieving \~35%--45% of scavenging activity within 30 minutes and further exhibit persistent activity until 90 minutes. This can be explained as the M3 and M4 were optimally formulated to have smaller size and higher zeta potential; thus, exhibited a sustained release of flavonoids with extended scavenging activity up to 90 minutes. However, among the two formulations, M3 reached steady state after 90 minutes, whereas M4 revealed persistent activity even up to 240 minutes. This ultimately indicates a higher sustained release nature of M4 apparently due to the hydrogen bonding of flavonoids with the PC in accordance with the Fourier transform IR results.

Though naturally derived phytocompounds show minimal toxicity toward normal cell line, but additives such as synthetic carriers or usage of certain organic solvents during the synthesis might enhance the toxicity of final product.[@b60-ijn-11-3417] Thus, it is often suggested the screening of the synthesized nanoparticles for toxicity potential through preliminary in vitro assay. Besides, this will also help in understanding the toxicity mechanism and cellular uptake of the nanoparticle at cellular level.[@b61-ijn-11-3417] Thus, in this study, the cytotoxic activity of formulated flavonosomes against human hepatoma HepaRG cell line was evaluated at various concentrations ranging from 3.125 µg/mL to 200 µg/mL and is depicted in [Figure 8B](#f8-ijn-11-3417){ref-type="fig"}. The cytotoxicity results of the four formulated flavonosomes show a dose--dependent activity. An increase in flavonosomes concentration from low to high causes a reduction of \~8%--10% cell viability. However, even at higher concentration of 200 µg/mL, the percentage viability of HepaRG cells for all the four formulations was \>85%, thereby indicating the noncytotoxic nature of the formulated flavonosomes. These data are in agreement with previous studies concerning the noncytotoxic nature of the carrier (PC) and loaded flavonoids.[@b62-ijn-11-3417],[@b63-ijn-11-3417] The microscopic images of HepaRG cells treated with higher concentration (200 µg/mL) of flavonosomes were shown in [Figure 8C and D](#f8-ijn-11-3417){ref-type="fig"}. The images support the obtained cytotoxicity results, whereby after 24 hours treatment with the various formulated flavonosomes revealed no signs of toxicity, which was confirmed by the absence of intracytoplasmic vesicles formation as reported in previous studies;[@b31-ijn-11-3417],[@b64-ijn-11-3417],[@b65-ijn-11-3417] in contrast, the flavonosome treated HepaRG cells inclusive of both hepatocyte-like cells (H) and epithelium-like cells (I) remain healthy and intact similar to the morphology and architecture of untreated control cells ([Figure 8C and D](#f8-ijn-11-3417){ref-type="fig"}). This strongly suggests that flavonosomes could play an effective hepato-supplemental/hepatoprotective role.

Conclusion
==========

The flavonoids (QKA) liable for pharmacological activity of the bioactive MO-EA fraction have been determined, quantified, and loaded at an equivalent proportion in PC via adapting various formulation methods. Conclusively, we established sequential loading (M4) of flavonoids as the optimal method to load these multiple phenolic-flavonoids in a single entity and have been termed as flavonosomes. M4 flavonosomes showed enhanced formulation characteristics including smaller size, narrow size distribution, higher zeta potential, pronounced EE, and associated evident QKA--PC bonding. The in vitro DPPH antioxidant kinetics of M4 flavonosomes exhibited an outstanding sustained release of antioxidants, proportionate to the free radical scavenging kinetics. All the formulated flavonosomes exhibited negligible cytotoxicity toward human hepatoma HepaRG cells even at higher concentrations. The antioxidant potential, sustained release kinetics of loaded flavonoids, and scanty toxicity toward HepaRG cells remarkably suggest M4 formulation synthesized via sequential co-loading method as a promising nanodrug delivery system. Nevertheless, more detailed investigation, on its therapeutic potential, actual release kinetics, biodistribution, and pharmacokinetics, is crucial to understand the therapeutic effect of flavonosomes.
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![Schematic representations of (**A**) conventional phytosome synthesis including thin-film formation and typical phytosome structure. (**B**) Outline of individual flavonoid-loaded corresponding (1) quercetin, (2) kaempferol, and (3) apigenin flavonosomes.\
**Abbreviations:** PC, phosphatidylcholine; Q, quercetin; K, kaempferol; A, apigenin; min, minutes; h, hours; DCM, dichloromethane.](ijn-11-3417Fig1){#f1-ijn-11-3417}

![Schematic representation of various formulation methodologies of flavonosomes.\
**Notes:** (**A**) -- (1) bulk co-sonication -- M1, (2) serialized co-sonication -- M2; (**B**) -- (3) bulk co-loading -- M3 and (4) sequential co-loading -- M4.\
**Abbreviations:** Q, quercetin; K, kaempferol; A, apigenin; PC, phosphatidylcholine.](ijn-11-3417Fig2){#f2-ijn-11-3417}

![HPLC fingerprints of MO bioactive fractions.\
**Notes:** (**A**) Solvent--solvent fractionation scheme of crude MO leaves extract; (**B**) HPLC chromatograms of various solvent fractions of crude MO leaves extract -- hexane (1), chloroform (2), ethyl acetate (3), and n-butanol (4) fractions obtained by HPLC--UV--DAD at 254 nm.\
**Abbreviations:** MO, *Moringa oleifera*; HPLC, high-performance liquid chromatography; UV, ultraviolet; DAD, diode array detector; min, minutes.](ijn-11-3417Fig3){#f3-ijn-11-3417}

![Antioxidant activity of MO bioactive fractions.\
**Notes:** (**A**) DPPH radical scavenging activity, (**B**) nitric oxide radical scavenging activity, and (**C**) total antioxidant capacity of various MO leaf solvent fractions (hexane, chloroform, EA, and n-butanol) at different concentrations (15.12--1,000 µg/mL) against ascorbic acid were determined spectrophotometrically at 540 nm. Results are mean ± SD of three duplicate measurements and followed by the Tukey's post hoc test.\
**Abbreviations:** DPPH, 1,1-diphenyl-2-picrylhydrazyl; MO, *Moringa oleifera*; EA, ethyl acetate; SD, standard deviation.](ijn-11-3417Fig4){#f4-ijn-11-3417}

![HPLC quantification of individual flavonoids in EA fraction.\
**Notes:** (**A**) HPLC fingerprints of the EA fraction obtained from MO leaves crude extract and individual peaks of standard flavonoids (**B**) quercetin, (**C**) kaempferol, and (**D**) apigenin with their corresponding RT. (**E**) Calibration graphs with associated linear regression equations of individual flavonoids (1) quercetin, (2) kaempferol, (3) apigenin, and (4) tabulation of individually quantified flavonoids expressed as µg/mg of MO-EA fraction.\
**Abbreviations:** HPLC, high-performance liquid chromatography; EA, ethyl acetate; MO, *Moringa oleifera*; RT, retention time; STD, standard.](ijn-11-3417Fig5){#f5-ijn-11-3417}

![Photomicrographic representation of synthesized individual flavonosomes.\
**Notes:** Panel (1) -- thin film formation of flavonoids (Q/K/A) + carrier (PC) mixture. TEM of individual free drug (2), PC -- empty carrier (3), and individual flavonosomes (4), and photographic images of resulting synthesized individual flavonosomes (5). 50,000× magnification.\
**Abbreviations:** Q, quercetin; K, kaempferol; A, apigenin; PC, phosphatidylcholine; TEM, transmission electron microscopy.](ijn-11-3417Fig6){#f6-ijn-11-3417}

![Physicochemical characterization of formulated flavonosomes.\
**Notes:** (**A**) TEM images; (**B**) particle size distribution and zeta potential distribution of formulated flavonosomes -- M1 (1), M2 (2), M3 (3), and M4 (4); EE (**C**) and DL capacity (**D**) of optimal M4 flavonosome; FTIR spectra (**E**) and TGA-DSC thermographs (**F**) of PC, QKA, QKA + PC physical mixture, and optimal M4 flavonosome. All the TEM images were at 52,000× magnification.\
**Abbreviations:** TEM, transmission electron microscopy; EE, entrapment efficiency; DL, drug loading; FTIR, Fourier transform infrared; TGA, thermogravimetric analysis; DSC, differential scanning calorimetry; PC, phosphatidylcholine; Q, quercetin; K, kaempferol; A, apigenin; PDI, polydispersity index; ZP, zeta potential.](ijn-11-3417Fig7){#f7-ijn-11-3417}

![DPPH scavenging kinetics and in vitro cytotoxicity assay.\
**Notes:** DPPH scavenging kinetics (**A**) of PC, QKA, QKA + PC physical mixture, and formulated flavonosomes (M1--M4); in vitro cytotoxicity assay (**B**) of formulated flavonosomes in HepaRG cells after 24 hours treatment and phase-contrast micrographs of associated changes in untreated (**C**) and M1--M4 flavonosomes (**D**) treated differentiated HepaRG cells, wherein two distinct hepatic cell types were observed and labeled as hepatocyte-like cells (H), epithelial-like cells (E), and bile canaliculus (yellow star). Magnification 200×; Scale bar =100 µm.\
**Abbreviations:** DPPH, 1,1-diphenyl-2-picrylhydrazyl; PC, phosphatidylcholine; Q, quercetin; K, kaempferol; A, apigenin; min, minutes.](ijn-11-3417Fig8){#f8-ijn-11-3417}
